We propose and analyze a graphene tunneling transit time device based on a heterostructure with a lateral p-i-n junction electrically induced in the graphene layer by the applied gate voltages of different polarity. The depleted i-section of the graphene layer (between the gates) serves as both the tunneling injector and the transit region. Using the developed device model, we demonstrate that the ballistic transit of electrons and holes generated due to interband tunneling in the i-section results in the negative ac conductance in the terahertz frequency range, so that the device can serve as a terahertz oscillator. # 2009 The Japan Society of Applied Physics DOI: 10.1143/APEX.2.034503 G raphene is considered as promising candidate for different future electronic and optoelectronic devices. Its most distinctive features beneficial for device applications include high electron and hole mobilities in a wide range of temperatures, the possibility of bandgap engineering (creation of the graphene-based structures with the energy gap from zero to fairly large values), formation of electrically induced lateral p-n junctions (see, for instance, refs. 1-5).
G raphene is considered as promising candidate for different future electronic and optoelectronic devices. Its most distinctive features beneficial for device applications include high electron and hole mobilities in a wide range of temperatures, the possibility of bandgap engineering (creation of the graphene-based structures with the energy gap from zero to fairly large values), formation of electrically induced lateral p-n junctions (see, for instance, refs. [1] [2] [3] [4] [5] .
The operation of graphene field-effect transistors (G-FETs) is accompanied by the formation of the lateral n-p-n (or p-n-p) junction under the controlling (top) gate and the pertinent energy barrier. [6] [7] [8] [9] The tunneling across such a n-p-n junction prevents the achievement of a low off-state current. 9) This limits possible realization of G-FETs in large scale digital electronic circuits and forces to consider the graphene structures in which the energy gap is reinstated (graphene nanoribbons and graphene bilayers with the energy gap open by the transverse electric field). [10] [11] [12] [13] [14] [15] [16] Unique properties of graphene already produced not only using peeling technology but also epitaxial methods as well as graphene nanoribbons and bilayers, particularly, experimental evidences of the possibility of ballistic electron and hole transport in samples with several micrometer sizes even at room temperatures (see, for instance, refs. 17 and 18) stimulate inventions of different graphene-based devices which could not be realized the past using the customary materials.
In this paper, we propose a transit-time oscillator which can operate in the terahertz (THz) range of frequencies and substantiate the operational principle of the device. The operation of the device in question is associated with the tunneling electron injection in an electrically induced reverse biased lateral p-i-n junction and the electron and hole transit-time effects in its depleted section. In the following, we call this device is the graphene tunneling transit-time (G-TUNNETT) terahertz oscillator. The tunneling generation through the zero energy gap and propagation of electrons and holes with their directed velocity v x close to the characteristic velocity v W ' 10 8 cm/s of the graphene energy spectrum (v x $ v W ), can provides significant advantages of G-TUNNETTs in comparison with the existing and discussed TUNNETTs based on the conventional semiconductor materials (see, for instance, refs. 19 and 20 and the references therein). Using the developed device model, we calculate the high-frequency characteristics. The device under consideration comprises a graphene layer with the source and drain contacts and the gates. The lateral p-i-n junction can be formed by two top gates biased by the dc voltages V p and V n of different polarities (V p < 0, V n > 0). The G-TUNNETT structure under consideration and its band diagram (at the applied source-drain voltage V , so that the lateral p-i-n junction is reverse biased) are schematically shown in Figs. 1(a) and 1(b), respectively. It is assumed that apart from a dc component V 0 > 0 which corresponds to a reverse bias, the net source-drain voltage V comprises also an ac component V expðÀi! tÞ: V ¼ V 0 þ V expðÀi! tÞ, where V and ! are the signal amplitude and frequency, respectively.
Thus, the graphene layer is partitioned into three sections: p-and n-sections adjacent to the source and drain contacts, respectively, and depleted section in the center (i-section). The depleted section of the graphene layer plays the dual role: (1) a strong electric field in the i-section provides the tunneling generation of electrons and holes and (2) this section serves as the transit region where the generated electrons and holes propagating ballistically across this region induce the current in the p-and n-sections (as well as, possibly in the contacts) and, hence, the terminal current in the source-drain circuit. Considering for definiteness the ''symmetric'' device structure with V n ¼ ÀV p ¼ V t ) corresponding to Fig. 1 , we shall calculate its source-drain ac conductance sd ! (dynamic conductance) as a function of the structural parameters and the signal frequency and demonstrate that sd ! < 0 in certain (THz) frequency ranges. Using the value of the interband tunneling probability, 5, 21) and roughly estimating the electric field in the i-section as E ' V=2l, where 2l is the length of the depleted i-section (2l ' D if the spacing between the top gates D ) W t , were W t is the thickness of the layers separating the graphene layer and the gates; more strict and detailed calculations can be found in refs. 21 and 22) , for the rate of the tunneling generation of electron hole pair (per unit length in the transverse direction) in the i-section in the situation under consideration one can obtain
Here g 0 ¼ 2e 2 =h " , e is the electron charge, and h " is the reduced Planck constant. This corresponds to the sourcedrain dc current
The ac component of the generation rate is given by
The tunneling probability w is a fairly sharp function of the angle between the direction of the electron (hole) motion and the x-direction (from the source to the drain): wðÞ ' expðÀ sin 2 Þ, where / D is rather large.
5)
Considering this, one can disregard some spread in the xcomponent of the velocity (Á v x =v W ' 1=2) of the injected electrons and assume that all the generated electrons and holes propagate in the x-direction with the velocity v x ' v W . In the case of ballistic electron and hole transport in the i-section when the generated electrons and holes do not change the directions of their propagation, the continuity equations governing the ac components of the electrons and holes densities AE À ! and AE þ ! can be presented as:
The boundary conditions are as follows: AE Ç ! j x¼Çl ¼ 0. Solving eq. (4) with these boundary conditions, we arrive at
Considering eqs. (4) and (5), for the net ac current
, created by both the generated electrons and holes, one can obtain
Here, we have introduced the characteristic transit time ¼ l=v W Since the real time of the electron and hole transit across the i-section varies from 0 to 2l=v W , is actually the mean transit time. If the signal frequency ! is smaller than the plasma oscillations in the p-and n-sections , (! < ), these sections can be considered as just highly conducting electrodes, so that the terminal ac current is mainly induced in them. In this case, the ac component of the source-drain terminal current J sd ! , i.e., the ac current induced by the propagating electrons in the external circuit connecting the source and the drain can, according to the Ramo-Shockley theorem, 23, 24) be presented as J sd ! ¼ R l Àl dx gðxÞJ ! ðxÞ À i! CV ! , where gðxÞ is the form-factor determined by the shape of highly conducting regions (the p-section and the drain contact) and C is the i-section geometrical capacitance. The factor gðxÞ is associated with different contributions to the induced current of the electrons and holes at different distances from the highly conducting regions. For the bulky conducting regions gðxÞ ' 1=2l, whereas for the blade-like conducting regions, 25) gðxÞ
. For the i-section capacitance one can use the following formula: 26) C ¼ ð=4 2 Þ lnð4L=lÞ, where is the dielectric constant. Considering eq. (3), we arrive at the following formula for the ac conductance
where 0 ¼ J 0 =V 0 is the dc conductance and J 0 ðÞ is the Bessel function. The real and imaginary parts of the ac conductance are given by
where c ¼ 2C=3 0 . At relatively low signal frequencies (! ( 1), eqs. (7) and (8) 
. . .. In the frequency ranges 0:38= < f < 0:5= and 0:88= < f < 1=, the real part of the ac conductance is negative. In particular, at 2l ¼ 0:7 m ( ¼ 0:35 ps), f ! reaches minima at certain frequencies f 1 ; f 2 ; . . ., which fall into the intervals f . It worth noting that due to the lateral structure and relatively large spacing between the top gates and, hence, highly conducting p-and n-sections, i.e., long i-section (which is allowed owing to fairly high electron and hole directed velocities in G-TUNNETTs), the G-TUNNETT capacitance C can be much smaller than the gate capacitance of HEMTs C HEMT . Indeed, C=C HEMT ' 2Ã W g = L g ( 1 (for the same width H), where Ã is a logarithmic factor on the order of unity, 29) whereas W g and L g ) W g are the HEMT gate layer thickness and gate length, respectively. Further increase in jRe sd !¼2 f 1 j and f 1 can be achieved by using shorter i-sections and higher bias source-drain voltages because Re ! / V 3=2 0 =l 1=2 and f 1 / l À1 . The nonuniformity of the electric field in the i-section 22) resulting in its elevated values near the edges of the i-section can also give rise to a significant increase in the dc current and, consequently, leading to an increase in jRe sd !¼2 f 1 j. However, the consideration of the high-voltage operation and accounting for the effects of the electric field nonuniformity add significant complexity to the device model.
As follows from the above estimates and Fig. 2 , the negativity of the real part of the ac conductance at the frequencies f > 1 THz can be achieved in the G-TUNNETT structures with the i-section length only moderately smaller than one micrometer.
In conclusion, we have proposed a G-TUNNETT and calculated its ac conductance as a function of the signal frequency and the structural parameter using the developed device model. We have demonstrated that the ac conductance exhibits the frequency ranges where it is negative. Due to high directed energy independent velocities of the electrons and holes generated owing to the interband tunneling, these frequency regions correspond to the THz range at relatively large length of the i-region. A G-TUNNETT can work as an active element of THz oscillators with a complementary resonant cavity. 
